Introduction
Osteoarthritis has been considered a prototypical noninflammatory arthropathy because neutrophils are absent in the synovial fluid, as are systemic manifestations of inflammation [1 ] . The involvement of an inflammatory component, which is marked by symptoms such as joint pain, swelling and stiffness, is now well recognized. Inflammatory cytokines, chemokines, and other inflammatory mediators are produced by the synovium and chondrocytes, and can be measured in the synovial fluids of osteoarthritis patients (Fig. 1) . Chondrocytes, the unique cellular component of adult human articular cartilage, maintain the matrix components under normal, low turnover conditions. In osteoarthritis, chondrocytes, but also the cells in the synovium and other joint tissues, become activated because of exposure to abnormal environmental insults, including high-magnitude mechanical stress, inflammatory cytokines, or altered amounts or organization of matrix proteins, including degradation products [2] . The activation of stress-induced and inflammation-induced signaling, transcriptional, and posttranscriptional events may cause phenotypic shift, apoptosis, and aberrant expression of inflammation-related genes, including catabolic genes [3] . These include nitric oxide synthase (NOS)-2, cyclooxygenase (COX)-2, and several matrix metalloproteinases (MMPs), including MMP-13, and a disintegrin and metalloproteinase (ADAM) with thrombospondin-1 domains (ADAMTS)-4 and 5. Although cartilage destruction is the hallmark of osteoarthritis and the degradation of type II collagen is the pivotal event that determines the irreversible progression of osteoarthritis disease, osteoarthritis is manifested in the 'whole joint' and thus we need to consider the Purpose of review This review focuses on the novel stress-induced and proinflammatory mechanisms underlying the pathogenesis of osteoarthritis, with particular attention to the role of synovitis and the contributions of other joint tissues to cellular events that lead to the onset and progression of the disease and irreversible cartilage damage. Recent findings Studies during the past 2 years have uncovered novel pathways that, when activated, cause the normally quiescent articular chondrocytes to become activated and undergo a phenotypic shift, leading to the disruption of homeostasis and ultimately to the aberrant expression of proinflammatory and catabolic genes. Studies in animal models and retrieved human tissues indicate that proinflammatory factors may be produced by the chondrocytes themselves or by the synovium and other surrounding tissues, even in the absence of overt inflammation, and that multiple pathways converge on the upregulation of aggrecanases and collagenases, especially MMP-13. Particular attention has been paid to the contribution of synovitis in posttraumatic joint injury, such as meniscal tears, and the protective role of the pericellular matrix in mediating chondrocyte responses through receptors, such as discoidin domain receptor-2 and syndecan-4. New findings about intracellular signals, including the transcription factors NF-kB, C/EBPb, ETS, Runx2, and hypoxia-inducible factor-2a, and their modulation by inflammatory cytokines, chemokines, adipokines, Toll-like receptor ligands, and receptor for advanced glycation end-products, as well as CpG methylation and microRNAs, are reviewed. Summary Further work on mediators and pathways that are common across different models and occur in human osteoarthritis and that impact the osteoarthritis disease process at different stages of initiation and progression will inform us about new directions for targeted therapies. synovium, meniscus, tendon, ligaments, and bone in the pathogenesis of the disease.
Keywords
Risk factors for the development of osteoarthritis can be divided into two fundamental mechanisms related either to the adverse effects of trauma on an otherwise normal joint or of normal loading on a maligned joint. Either situation results in abnormal biomechanics. We have learned much from the studies of animal models of posttraumatic osteoarthritis, including transgenic and knockout mice subjected to surgical osteoarthritis [4], about the factors involved in cartilage degeneration and other joint pathologies. Genetic models with abnormal composition and structure of articular cartilage or other joint tissues may develop spontaneous or accelerated osteoarthritis because of altered biomechanics. Nevertheless, there are common mediators across these models that determine the initiation and progression of cartilage damage. Work during the past years has discovered the roles of a number of mediators that impact on the disease process and may inform us about new directions for targeted therapies [5] .
The role of synovitis in osteoarthritis
Inflammation is a major factor associated with the risk of both progression of cartilage loss and signs and symptoms of disease, including joint pain, swelling, and stiffness, indicators of synovitis [6 ] . Synovitis, involving infiltration of mononuclear cells into the synovial membrane and production of proinflammatory mediators, including interleukin 1b (IL-1b), tumor necrosis factor-a (TNF-a), and chemokines, is common in early-stage and late-stage disease [6 ]. MMP-1, MMP-3, and MMP-13 and cysteine cathepsins B and S, as well as IL-6, can be detected in osteoarthritis synovial fluid samples, although at significantly lower levels than in rheumatoid arthritis (RA) patients, reflecting the enhanced inflammatory processes in the RA joint [7] . The synovial effusions may be visualized in the joint by magnetic resonance imaging (MRI) or ultrasound [8] . The association between meniscal damage and synovial effusion has been noted by MRI. In patients with traumatic meniscal injury, but no radiographic evidence of osteoarthritis, the synovium retrieved during arthroscopic meniscectomy is frequently inflamed and increased inflammation scores are associated with increased pain and dysfunction and a unique chemokine profile [9 ] .
Epidemiologic studies have also established that there is a strong relationship between anterior cruciate ligament (ACL) disruption and risk for subsequent development of osteoarthritis. Following acute ACL injury, biomarkers of inflammation and collagen loss can be detected at higher levels in synovial fluid of the affected knee than in serum [10 ], suggesting that low-grade synovitis reflects pre-clinical disease during early posttraumatic phase, which could impact on the long-term outcome [11] . The relevance of the synovial gene expression to global joint pathology is also supported by the findings of a high abundance synovial fluid proteome with distinct profiles in healthy individuals compared with early osteoarthritis patients undergoing arthroscopy after injury of the medial meniscus and late-stage patients undergoing total joint replacement [12] .
The role of stress and inflammatory factors in biomechanical responses in the osteoarthritis joint
Chondrocytes can respond to direct biomechanical perturbation by upregulating synthetic activity or by increasing the production of inflammatory cytokines, which are also produced by other joint tissues. As mechanisms controlling relationships between joint injuries and biological events that lead to progressive joint degeneration cannot be evaluated over time in patients, both in-vitro and in-vivo models have been used to test hypotheses. The general consensus based on in-vitro mechanical loading experiments is that injurious static compression stimulates the depletion of proteoglycans and damage to the collagen network and decreases the synthesis of cartilage matrix proteins, whereas dynamic cyclic compression increases matrix synthetic activity. In response to traumatic injury, global gene expression is activated, resulting in increased expression of inflammatory mediators, cartilage-degrading proteinases, and stressinduced intracellular signals. Impact injury stimulates the release of reactive oxygen species (ROS) that induce chondrocyte death and activation of stress-induced kinases that upregulate MMP-13, ADAMTS-5, and 472 Osteoarthritis
Key points
Osteoarthritis is a whole joint disorder, affecting all joint tissues that communicate at the cellular level by releasing and responding to inflammatory mediators. Synovial inflammation acts as a trigger for several symptoms of osteoarthritis via release of soluble factors that, while increasing and perpetuating cartilage damage, hold the potential to be used as biomarkers.
Inflammation may act as a contributing factor in perpetuating cartilage degradation by promoting destruction and impairing the ability of repair. A wide array of injurious stimuli activate stress/ inflammatory responses that lead to a phenotypic shift in osteoarthritis chondrocytes, which show features of hypertrophy and imbalanced homeostasis, with increased synthetic activities in which catabolic responses overcome the attempt of repair.
TNF-a [13, 14] . On the contrary, noninjurious cyclical loading of sufficient magnitude can inhibit IL-1-induced cartilage matrix degradation [15] . Thus, even in the absence of overt inflammation, chondrocytes may respond to mechanical stress by stimulating the expression and/or activities of inflammatory mediators or by inducing inhibitors that serve as feedback modulators.
Role of cell-matrix interactions
Chondrocytes have receptors for extracellular matrix (ECM) components, many of which are responsive to mechanical stimulation. Included among these receptors are several of the integrins, which serve as receptors for fibronectin and type II collagen fragments. Activation of these receptors can stimulate the production of matrixdegrading proteinases and inflammatory cytokines and chemokines, but whether these are initiating events or serve to feedback amplify matrix degradation has not been established. In contrast to integrins, which bind collagen fragments, discoidin domain receptor 2 (DDR2) binds specifically to type II and X collagen fibrils, leading to the activation of its integral receptor tyrosine kinase. DDR2 is upregulated in osteoarthritis cartilage and induces specifically the expression of MMP-13 associated with cleavage of type II collagen. This mechanism was verified in type XI collagendeficient (Cho/þ) mice with accelerated osteoarthritis, which was attenuated, along with reduced MMP-13 expression, when they were crossed with mice deficient in DDR2 [16] . However, the type II collagen-containing Inflammation in osteoarthritis Goldring and Otero 473
Figure 1 Key mediators involved in proinflammatory events in osteoarthritis
In response to alterations in the joint environment, inflammation-induced and stress-induced signaling pathways may be activated in the synovium and cartilage resulting in the production of cytokines, chemokines, adipokines, Toll-like receptor (TLR) ligands, and other inflammatory mediators such as nitric oxide. This may occur also in response to alterations in the pericellular matrix or the release of damage-associated molecular patterns, which are TLR and RAGE ligands. The consequent upregulation of cartilage-degrading proteinases by extracellular matrix (ECM) proteins or ECM degradation products can further promote catabolic activation, phenotypic shift, and apoptosis.
network is normally not accessible because it is coated with proteoglycans and the pericellular collagen network is composed of type VI collagen microfibrils, not fibrillar collagen. Recent studies have shown that the serine proteinase, high temperature requirement A1 (HTRA1), which is increased in the articular cartilage of mouse models of osteoarthritis and human osteoarthritis cartilage, is responsible for degrading the pericellular matrix components, including matrilin 3, fibronectin, biglycan, fibromodulin, COMP, and collagen VI, thereby exposing DDR2 to activation by type II collagen in fibrillar form [17 ] . Thus, DDR2 represents an additional receptor that becomes activated under biomechanical stress, leading to further disruption of the pericellular matrix and preferential activation of MMP-13.
Syndecan-4, a trans-membrane heparan sulfate proteoglycan that can interact with the ECM, is a positive effector of ADAMTS-5 activation by controlling the synthesis of the stromelysin, MMP-3 [18] . As syndecan-4 negatively regulates the function of osteopontin, which acts through integrin receptors, and osteopontin-deficient mice show accelerated development of osteoarthritis during aging and in an instability-induced model [19] , the reduction of osteoarthritis in the syndecan-4 knockout mice may be because of unmasking of osteopontin activity.
Inflammation may also be driven by cartilage matrix molecules or degradation products through the activation of innate immune responses. Members of the small leucine-rich proteoglycan (SLRP) family such as fibromodulin and decorin may target the classic complement pathway and enhance or inhibit its activation [2]. COMP, however, is a potent activator of the alternative complement pathway and complexes of COMP and C3b may be found in osteoarthritis synovial fluids [20 ] .
The role of cytokines and other inflammatory mediators
Evidence from in-vivo and in-vitro studies indicates that synoviocytes, chondrocytes, and cells from other joint tissues can produce and/or respond to a number of cytokines and chemokines that may also be detected in osteoarthritis synovial fluid. Although the mechanism by which the inflammatory process is initiated in osteoarthritis is unclear, abnormal mechanical and oxidative stresses are probably involved. Chondrocytes in osteoarthritis cartilage, especially those in clonal clusters, express IL-1, IL-1b-converting enzyme (caspase-1), and type 1 IL-1 receptor (IL-1RI). IL-1 is synthesized by chondrocytes at concentrations that are capable of inducing the expression of MMPs and other catabolic genes, and it colocalizes with TNF-a, MMP-1, MMP-3, MMP-8, and MMP-13, and type II collagen cleavage epitopes in regions of matrix depletion in osteoarthritis cartilage. The expression of MMPs is tightly regulated in chondrocytes under physiological conditions, wherein its expression pattern is restricted and the MMPs play essential roles in the low-turnover ECM remodeling.
The aggrecanases of the ADAMTS (a disintegrin and metalloproteinase with thrombospondin-1 domains) family of extracellular proteinases, particularly ADAMTS-5, are considered the major aggrecan-degrading enzymes involved in cartilage degradation in osteoarthritis. Several studies have shown a distinct regulation of ADAMTS-4 and ADAMTS-5 after inflammatory stimuli, depending upon the experimental conditions, the stimuli utilized, and the species analyzed. The mRNA expression of both enzymes is induced by TNF-a and oncostatin M in both human and mouse chondrocytes [21, 22] , whereas IL-1 appears to preferentially induce ADAMTS-4 [23] .
In addition to inducing the synthesis of MMPs and other proteinases by chondrocytes, IL-1 and TNF-a increase the synthesis of prostaglandin E 2 (PGE 2 ) by stimulating the gene expression or activities of COX-2, microsomal PGE synthase-1 (mPGES-1), and soluble phospholipase A2 (sPLA2), and they upregulate the production of nitric oxide via inducible nitric oxide synthase (iNOS or NOS2). IL-1b and TNF-a may also induce other proinflammatory cytokines, such as IL-6, leukemia inhibitory factor, IL-17, and IL-18, and chemokines, including IL-8. Many of these factors synergize with one another in promoting chondrocyte catabolic responses. In addition, oncostatin M produces mild catabolic responses in chondrocytes through a gp130 receptor and JAK3, but synergizes strongly with IL-1 or TNF-a. IL-1b and TNF-a, alone or together, also suppress the expression of a number of genes associated with the differentiated chondrocyte phenotype, including aggrecan (ACAN) and type II collagen (COL2A1).
Both mechanical stress and inflammatory mediators induce an array of downstream signaling pathways, including the NF-kB and MAPK pathways, which are abnormally activated in osteoarthritis chondrocytes (for review see [3, 24] ). The NF-kB pathway is a central regulator of the inflammatory cytokine-induced catabolic actions in chondrocytes. Activation of canonical NF-kB (p65/p50) signaling is required for the chondrocytes to express MMPs, NOS2, COX2, and IL-1. Subsequently, the released ECM components are recognized by integrins and other cellsurface receptors, triggering inflammatory responses and further perpetuating the cartilage destruction. NF-kB also mediates the chondrocyte activation triggered by the released ECM products, such as fibronectin fragments, which induce the expression of inflammatory cytokines, MMPs, ADAMTSs, and chemokines.
In addition to NF-kB, mechanical and inflammatory stimuli activate the stress-induced and mitogen-induced protein kinase (MAPK) pathways through ERK, c-Jun N-terminal kinase (JNK), and p38 kinase cascades in articular chondrocytes. The activation of these cascades coordinates the induction and activation of transcription factors, including members of the AP-1, ETS, and C/EBP families, that regulate the expression of genes involved in catabolic and inflammatory events. JNK-driven AP-1 activation, MEK/ERK-induced phosphorylation of ETS factors, and p38-mediated activation of C/EBPb and RUNX2 participate in the induction of MMPs, including MMP-13 [25, 26] . Such actions of particular kinases may be isoform-specific, as in the case of p38g, which actually suppresses MMP-13 production [27] . Another primary response factor for the regulation of cytokine-induced MMP-13 in chondrocytes is HIF-2a [28 ] , which is strongly induced by NF-kB signaling. For aggrecanases, transcriptional modulation involves RUNX2 for both ADAMTS-4 and ADAMTS-5 [29] [30] [31] , whereas NF-kB [23] and HIF-2a consistently mediate ADAMTS-4 upregulation [28 ] .
Recent studies have implicated synovial inflammation and secreted damage-associated molecular patterns (DAMPs), or alarmins, that act as ligands of Toll-like receptors (TLRs) or receptor for advanced glycation end-products (RAGEs), in the activation of downstream inflammatory and catabolic events in articular cartilage [5,6 ] (Fig. 1) . Chondrocytes and synovial cells can express TLRs, which are upregulated by inflammatory stimuli [32] . TLR-2 and TLR-4 levels are increased in osteoarthritis cartilage lesional areas, and activation of TLR-2 and TLR-4 by the ligands, peptidoglycan, and LPS, respectively, leads to increased expression of downstream inflammatory and catabolic genes, including MMP-3, MMP-13, and NOS2, through the cytosolic adaptor myeloid differentiation factor 88 (MyD88) and subsequent NF-kB signaling [33 ,34] . The high-mobility group box (HMGB) protein 1 has been implicated in potentiating and contributing to osteoarthritis disease, acting on articular chondrocytes [35] or synoviocytes [36] , by both responding to and enhancing inflammatory insults. Together with TLR ligands, HMGB1 acts as a cytokine-like signal of innate immunity to induce a hypertrophy-like phenotypic shift in osteoarthritis chondrocytes [33 ] . The alarmins, S100A4, A8, A9, and A11, are also markers of destructive processes in the joint that signal through RAGE and TLRs to drive inflammation-associated matrix catabolism [37] . RAGE ligands can also increase ROS through upregulating cytokines and chemokines [38, 39] . Zreiqat et al. [40] recently showed that homodimeric S100A8 or S100A9 can upregulate the expression of MMPs and ADAMTSs and mediate matrix degradation, but are expressed in early but not late experimental osteoarthritis. Findings in inflammatory arthritis models suggest that significant contributions of these ligands in osteoarthritis would require the presence of synovial activation [5].
Proinflammatory cytokines, prostaglandins, ROS, and nitric oxide may also cause oxidative stress and chondrocyte apoptosis by altering mitochondrial function [41, 42] . Proteomics studies show that IL-1b and TNF-a differentially regulate the proteins implicated in mitochondrial dysfunction [43] , including the mitochondrial superoxide dismutase, SOD2, which may serve a protective role against ROS by scavenging free radicals, but may contribute to cell death upon long-term exposure. Mitochondrial functions are altered in osteoarthritis chondrocytes and synovial cells, wherein nitric oxide reduces the cell survival and inhibits the activity of the mitochondrial respiratory chain and ATP synthesis [44] .
Contributions of aging and obesity to inflammatory processes in osteoarthritis
Although osteoarthritis is not inevitable as we grow old, aging is one of the most prominent risk factors for osteoarthritis onset and development. Chondrocytes in aging cartilage have impaired activity compared with normal chondrocytes, with evidence of a senescent secretory phenotype [45] . The increased accumulation and expression of both advanced glycation end-products (AGEs) and the AGE receptor, RAGE, that occur in aging chondrocytes are associated with dysregulated signaling pathways, altered synthetic activity, and increased synthesis of and enhanced sensitivity to cytokines and chemokines, which trigger the expression of MMPs and other inflammatory mediators [39, 45, 46] . The aging-related loss of autophagy, a protective mechanism for normal chondrocytes that protects cells during stress responses, is associated with cell death and osteoarthritis development [47] . An earlier study [48] showed that decreased HIF-2a expression is associated with autophagy in osteoarthritis tissues and aging cartilage, and with elevated HIF-1a as a possible compensatory mechanism.
Obesity has become a major focus as an important risk factor for osteoarthritis development and progression, especially after the identification of white adipose tissue as an endocrine organ capable of secreting biologically active substances, the so-called adipokines. Adipokines contribute to the low-grade inflammatory state of obese patients and may directly affect cartilage homeostasis. One source of adipokines in the joint is the infrapatellar fat pad, which contains nociceptive nerve fibers that could contribute to anterior knee pain [49] . Adipokines can also be produced by chondrocytes and act locally in promoting cartilage destruction in osteoarthritis. Higher leptin levels can be detected in osteoarthritis than in normal articular cartilage and a recent study [50] has shown that chondrocytes express a variety of adipokines whose expression is further induced by inflammatory stimuli. In addition, stimulation of articular chondrocytes with leptin, adiponectin, or resistin, alone or in combination with other inflammatory cytokines, induces and enhances the expression of cytokines, MMPs, and NOS2 [51, 52] . The in-vitro studies performed to date strongly support the contributions of adipokines to inflammation and cartilage damage, but there is limited information from in-vivo models to determine whether they are protective or detrimental in vivo, or primary or secondary to the osteoarthritis development [53] .
Mechanisms involving epigenetics and microRNA
In normal adult chondrocytes, as in all somatic cells, epigenetic mechanisms, involving DNA methylation at CpG sites, modifications of histone tails, and changes in chromatin structure, stabilize the phenotype. However, interactions with the environment may cause epigenetically induced changes in gene expression that are transmitted to daughter cells during many doublings. Previous studies have demonstrated epigenetic de-repression in association with loss of DNA methylation of genes such as MMP-3, MMP-9, MMP-13, ADAMTS4, IL-1b, and leptin in chondrocytes with degradative phenotype in osteoarthritis cartilage, whereas DNA methylation does not play a role in differential expression of ADAMTS5 in osteoarthritis compared with normal chondrocytes. An inhibitor of NF-kB, partly through modulation of DNA methyltransferase-1 expression, can prevent cytokineinduced demethylation of a specific site in the IL-1b promoter associated with decreased expression of IL-1b [54] . A recent study [55] demonstrated that the genes encoding the suppressors of cytokine signaling (SOCS), SOCS2 and CIS-1, but not SOCS1 and SOCS3, are suppressed in osteoarthritis chondrocytes, but the CpG methylation status of the SOCS2 promoter is unchanged. Interestingly, loss of expression of osteogenic protein-1 (OP-1 or bone morphogenetic protein-7) in aging chondrocytes is associated with hypermethylation of the OP-1 promoter, and OP-1 treatment of chondrocytes downregulates the stress and inflammatory response genes [56] .
How specific microRNAs could be influencing the cartilage homeostasis and disease mechanisms has also been receiving greater attention [57 ,58,59,60 ] . Of those reported so far, miR-140, miR-27a, miR-27b, and miR-146a all appear to attenuate ADAMTS and/or MMP expression [60 ,61,62] . For example, miR140, whose expression is reduced in osteoarthritis cartilage and suppressed by IL-1b, downregulates the ADAMTS5 expression in normal cartilage. Furthermore, miR140 knockout mice are predisposed to age-related osteoarthritis-like changes and overexpression of miR140 in chondrocytes is protective against surgically induced osteoarthritis [60 ] . The synovial fluid concentrations of miR-16, miR-132, miR-146a, and miR-223 are reduced in osteoarthritis compared with healthy controls [63] . The importance of microRNAs in cartilage homeostasis is also supported by a study [64] showing that Sox9 positively regulates COL2A1 in human chondrocytes via a miR-675-dependent mechanism.
Conclusion
Although much knowledge about inflammatory mediators in osteoarthritis has been gained in the last decade, further studies are needed to better define the mechanisms by which these factors tip the balance between homeostasis and activation to promote matrix destruction and cell death. In response to stress and inflammatory insults, osteoarthritis chondrocytes produce a variety of matrixdegrading enzymes, including metalloproteinases and aggrecanases. The expression of these degradative enzymes is dysregulated in osteoarthritis chondrocytes, and their increased and aberrant expression and activities are major contributors to cartilage degradation during osteoarthritis development and progression. As the signaling pathways involved in inflammatory and biomechanical stress are similar and these pathways may also induce and amplify the expression of cytokine and chemokine genes, it therefore remains controversial whether inflammatory mediators are primary or secondary regulators of cartilage damage and defective repair mechanisms in osteoarthritis. Although cytokines and their receptors, proteinase activities, and signaling kinases have been considered as targets for OA therapy, new knowledge about early stress-induced and inflammation-induced events involved at presymptomatic onset of the disease could provide valid biomarkers for diagnosis, as well as new therapeutic strategies. 
